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Animal abundance can be measured as the number of individuals in the population (population size), the number of individuals per unit area (absolute density), or the density of 1 population relative to another (relative density) (Caughley 1977:12) . Absolute density can be further subdivided into crude density-measured with respect to all of the area containing the population, and ecological density-measured with respect to a particular habitat (Johnson 1978:11, Tanner 1978:2).
Absolute density is necessary for determining population and trophic dynamics (Verner 1985) and effective population sizes of demes (Barrowclough and Coats 1985). Relative density has been used to make comparisons between spotted owl populations and habitats (Forsman et al. 1977 , Garcia 1979 , Marcot and Gardetto 1980 . However, these measures require standardization by some measure of absolute density (Caughley 1977 :14, Verner 1985 and similar detection probabilities of individuals (Andersen et al. 1985) to ensure that relative measures provide an accurate index of abundance. Therefore, absolute density provides an initial step in estimating abundance.
In this paper, we report empirical and markrecapture estimates of absolute density of northern spotted owls in northwestern California from 1985 through 1988. Our objectives were to estimate absolute density of northern spotted owls, to provide general guidelines for estimating density of northern spotted owls, and to evaluate our estimates in relation to current management plans. For each survey, we calculated survey effort as the time required to locate, feed, and identify individual owls by a 2-person crew. A survey began when the observer or the owl began calling and ended when the observer finished locating, feeding, or identifying owls, depending on the purpose and success of the survey.
Amounts of vegetative cover types were calculated, using a digital planimeter, for each year from U.S. Forest Service (USFS) timber-type maps (1:12,000 scale) that had been groundtruthed by USFS personnel. We calculated cover-type conversions attributable to logging using USFS and California Department of Forestry records. We incorporated this information into annual estimates of cover types on the WCSA.
We estimated the number of adult and subadult owls on the WCSA with empirical and Jolly-Seber (J-S) estimates. Empirical estimates included (1) the number of identified individuals, (2) the number of unidentified owls mated to identified owls, and (3) . The other cover types were then weighted by dividing the proportion of telemetry locations in these cover types by the proportion of radio fixes in the CF4 cover type (Table 1) . Ninety-five percent confidence intervals for densities derived from J-S models were calculated according to Seber (1982: 24) .
We examined the effects of study area size on density by determining the geometric center of a polygon representing the WCSA (C. Biles, Humboldt State Univ., pers. commun.) and by placing 13 progressively larger study area polygons around the geometric center. We estimated the empirical number of spotted owls, based on mapped locations of roost sites, within each of the study area polygons. We regressed cumulative study area size on empirical crude density using linear, exponential, and power leastsquares models (Du Toit et al. 1986:184-185).
We extrapolated our mean density estimates for the WCSA during the 4-year sampling period to the Six Rivers National Forest (SRNF); crude densities were multiplied by the total area of the SRNF (3,875.2 km2) and ecological densities by the amount of suitable spotted owl habitat. We calculated amounts of cover types for the SRNF (U.S. Forest Service 1986:3-66), adjusting amounts in Montane forest types by the (Fig. 2a) were precise, based on low coefficients of variation (Table 2) (Fig. 2b) . Survey effort for diurnal surveys from 1987 to 1988 decreased because resighting color-marked individuals required less time than recapturing. From 1986 to 1988, the percentage of adults increased while the percentage of subadults banded as juveniles in the previous year decreased in the newly recruited population (Fig. 2c) (Fig. 3) .
Increases from 1985 to 1988 in ecological densities derived from mature/old-growth conifer forest and weighted cover types were 6.3 and 2.8 times greater, respectively, than the increase in crude density over the same time period (Fig.  3) . The increases in ecological densities were due to logging of 4.53 km2 of mature/old-growth forest over the 4-year sampling period (Table   1 ).
Density-Area Relations
Mean empirical estimates of crude density from the 3 smallest polygons drawn around the geometric center of the WCSA (4.5-20.7 km2) were 1.6-2.2 times greater than the estimate for the entire WCSA (Fig. 4a) . We found that the power regression model (r2 = 0.84) provided a better fit for mean empirical estimates of crude density as a function of the 14 study area sizes than the linear (r2 = 0.59) or exponential (r2 = 0.62) models. However, all models were significant (ANOVA F = 17.0-65.5, P < 0.001).
Because the power curve was asymptotic at zero, we evaluated the resulting function for minimum study area size by examining (1) the derivatives of the function at areas of 10-295 km2 in 10-km2 increments and (2) the expected densities derived from the function at 10-km2 intervals as a percentage of the expected density at 295 km2 (ED295), the approximate size of the WCSA (Fig. 4b) . The derivative curve (Fig. 4b) shows that the slope of the power function begins to approach zero at study areas between 90 and 130 km2 indicating that the size of the WCSA was adequate for accurately estimating density. We found that expected density estimates at 155 and 225 km2 using the second evaluation method were within 10 and 5% of ED1,,, respectively (Fig. 4b) 
DISCUSSION
We suggest that our estimates of spotted owl densities are both accurate and precise. We used intensive surveys of a marked population over a large area which allowed us to use Jolly-Seber capture-recapture models. Precision and bias of J-S estimators are dependent on high capture and survival probabilities (Nichols et al. 1981 , Seber 1986 ), both of which were present in our study. Although power of the goodness-of-fit tests is poor with small populations and few sampling periods, very high survival and capture probabilities can compensate for this problem (Pollock et al. 1985) . High survival probabilities indicated that mortality was probably low during the sampling period. Therefore, we believe our long sample period was not a source of bias in the J-S models. Subadult spotted owls have lower survival (0.77) than adults (0.92) (Franklin et al. 1989), which may have positively biased our estimates of N, (Manly 1970 ). However, this bias is probably small because subadults comprise only 10% of the WCSA population (Franklin et al. 1989). Our empirical estimates also provide corroborative evidence that both the reducedand full-parameter models fit our data well.
In addition to high capture and survival probabilities, a large study area and a high level of survey effort were required for accurate estimates of spotted owl numbers from which densities were calculated. Verner (1981) ing that small study areas tend to inflate density estimates. Accuracy of density estimates increases with larger study areas because the ratio of circumference to area declines, thereby decreasing the probability that animals will move across study area boundaries (Caughley 1977: 5). For this reason, we also chose natural features for study area boundaries to minimize spotted owl territories overlapping the edge of the WCSA. The amount of suitable habitat within a study area may also influence the required study area size; accurate density estimates of tawny owls (Strix aluco) required 100 km2 for areas > 60% forested and 200 km2 for areas <60% forested (Jablonski 1976). For this reason, studies that use our design should monitor densityarea relations as the study progresses. The study area used to calculate our density estimates was more than adequate in size based on our analysis. Therefore, changes in N, were not a result of study area effects. An increase in N, from 1985-86 to 1987-88 may be partially explained by increased survey effort. Survey effort was an important compo
